A series of sterically demanding aryl phosphine ligands (L) bearing terphenyl substituents, PR 2 Ar' (R = hydrocarbyl, Ar' = 2,6-diarylphenyl radical) has been prepared and characterized. The stability of these ligands towards oxidation in the air has been tested, and theoretical and experimental studies aimed to provide information on their electronic and steric properties have been performed. Introduction.
biphenyl) have found wide application in palladium catalyzed cross-coupling and carbonheteroatom bond formation. [11] Although these ligands are nowadays commercially available for an ample range of biaryl (Ar) substituents, only a restricted set of bulky alkyl R groups, mainly t Bu (CMe 3 ) and Cy (C 6 H 11 ), has been introduced in their molecular structures. It has been proposed that the high activity of catalytic systems that combine metal complexes with dialkylbiaryl phosphines is often to ascribe to the ability of the biaryl group to bind to the metal centre through weak so-called secondary interactions, [11b] thus stabilizing coordinatively unsaturated reaction intermediates. In consequence, similar to other aryl phosphines, biaryl-and terphenylphosphines may be viewed as hemilabile ligands [12] by virtue of  n -arene coordination of a pendant aryl ring.
In spite of the enormous popularity of biarylphosphines within the chemical community, information on the analogous terphenylphosphines, PR 2 Ar' (Ar' = terphenyl group) is rather scarce and limited to a handful of ligands and a few coordination complexes with late transition metals. [3k,13] It is, however, noteworthy that the exceptional protecting steric features of bulky terphenyl groups permitted in 2005 the isolation of the first quintuply bonded dimetal complex by Power and collaborators. [14] Our research group has recently employed these large organic radicals to generate unusual quadruply bonded dimolybdenum complexes, [15] and some terphenylphosphines to stabilize low coordinate Pt(0) species,[3k] and cationic digold complexes. [13e] In this contribution, we describe the synthesis and characterization of a family of bulky dialkyl terphenylphosphine ligands, together with the study of their air-stability and of some examples of coordination compounds of late transition metals. DFT calculations and experimental work have also been employed to estimate the steric bulk of these ligands and their electron-donating features.
Results and discussion.
Synthesis and spectroscopy. Ligands L1-L11 were prepared analogously to ligands L1 and L5, whose synthesis has recently been reported by our group. [3k,13d] Ordered from the least to the most steric demanding, we employed the following terphenyl groups: 2,6-diphenylphenyl (Ar Ph 2 ), 2,6-bis (2,6-dimethylphenyl) phenyl (Ar Xyl 2 ), 2,6-bis (2,4,6-trimethylphenyl) phenyl (Ar Mes 2 ), [13a-c] 2,6-bis (2,6-di(isopropyl) phenyl)phenyl (Ar Dipp 2 ) , and 2,6-bis (2,4,6-tri(isopropyl) phenyl)phenyl (Ar Tipp 2 ) . The procedure we propose is essentially based on that reported by Protasiewicz and collaborators [13a] but employs a terphenyl Grignard reagent instead of the analogous terphenyl lithium compound, as the source of the terphenyl fragment (Scheme 1). Moreover, the last step of the synthesis, that is the transformation of dihalo terphenylphosphines into the corresponding dihydrocarbyl terphenylphosphines, was also performed with the use of Grignard reagents in all cases. Ligands L1-L11 were isolated in moderate to high yields (based on Mg(Ar')Br) as fairly air-stable colourless solids. It is noteworthy that the synthetic procedure can start directly from the dihalo terphenylphosphines, Ar'PX 2 , which were prepared in a large scale (up to 8 g approximately), isolated as moisturesensitive solid mixtures of Ar'PCl 2 , Ar'PClBr, and Ar'PBr 2 , and stored under a nitrogen or an argon atmosphere. Compounds L1-L11 feature high solubility in common aprotic organic solvents such as dichloromethane, chloroform, ethers, toluene, and pentane, even at low temperatures. On the other hand, they exhibit scarce solubility in cold methanol, which was the solvent of choice for their purification. Single crystals of phosphines L7 and L10 were grown by slow evaporation of concentrated pentane solutions and analyzed by X-Ray diffraction analyses. Their molecular structures in the solid state are depicted in Figure 1 . By analogy with the structures reported for other m-terphenylphosphines, [13b,l] the PR 2 unit is bent away from one of the lateral rings of the terphenyl substituent. This distortion reduces steric interactions and results in PCC angles that differ significantly. Thus, in P(C 3 H 5 ) 2 Ar Dipp 2 , L7, the P1C6C5 and P1C6C7 angles are of 114.1(1) and 127.2(1)º, respectively, while in P(C 2 H) 2 Ar Mes 2 , L10, the corresponding angles have values 111.6(2) and 128.6(2)º. The bond distances from the phosphorus atom to the carbon atoms of the hydrocarbyl substituents in L7 are very similar (1.860(2) and 1.856(2) Å, for P131 and P134, respectively). They become somewhat different in the bis(acetylide) phosphine L10, where the P1aC24 bond to the acetylide oriented towards the mesityl group is slightly elongated (1.792(4) Å) relative to the P1aC26 bond that points to the empty space between the mesityl rings (1.770(3) Å). Probably to relieve the steric hindrance, the acetylide group above the mesityl ring (C24C25) distorts appreciably at C24, with a C25C24P1a angle of 163.5(2)º, vs. 172.2(3)º for C26C26P1a. All of the newly reported PR 2 Ar' ligands were fully characterized by elemental analysis and multinuclear NMR spectroscopy. Their solution 1 H NMR spectra are consistent with a high degree of apparent symmetry as a result of fast rotation around the C aryl -C aryl or P-C Ar' bonds (Scheme 2). 
5
The terphenylphosphine ligands discussed in this work are expected to behave as monodentate P-donor Lewis bases, although the presence of a polyaryl substituent on the phosphorus atom may provide additional bonding capabilities. As already noted, it is conceivable that they behave as hemilabile ligands, yielding tethered  1 -P,  n -arene coordination modes, as it has been amply demonstrated in the literature. [3k, 11a-b, 12b, 13b] In this regard, it is worth highlighting that the presence of unsaturated hydrocarbyl chains such as -C≡CH, -CH 2 CH=CH 2 and -CH 2 CH 2 CH=CH 2 in the molecular framework of the phosphines L3, L4, L7, and L10, could enable both further chemical elaboration of these functions by classical C=C and C≡C bond reactivity, and formation of  2 -alkyne or -alkene metal bonds in mono or polymetallic structures.
Oxidation experiments. Taking into account the potential applications of this family of ligands in organometallic synthesis and homogeneous catalysis, we considered of interest to determine their air-stability under various conditions. Barder and Buchwald analysed experimentally and theoretically the resistance of dialkylbiaryl phosphines, PR 2 Ar, toward oxidation.
[8e] As expected, they recognized a dramatic effect of both the electron density residing on the phosphorus atom upon changing the nature of the R substituents (e.g. R = Ph vs. Cy or i-Pr vs tBu), and of the steric demands of the R radicals and the substituents at positions 2' and 6' of the biaryl backbone, on the facility of phosphine oxidation.
We have studied the reactivity toward 2 Ar Xyl 2 (L3) were also investigated. In all instances, the ligands were exposed to air as pure, finely divided powdered samples at room temperature, and also in toluene solutions, in the latter case at room temperature and at 100 ºC (see Experimental Section). The degree of oxidation was ascertained from the relative intensities of the 31 P{ 1 H} NMR resonances due to the PR 2 Ar' ligands (L) and the corresponding phosphine oxides (L·O).
In the solid state no significant oxidation was detected after 8 days at room temperature for any of the above mentioned phosphines. By contrast, a notable amount of phosphine oxide, L·O, was observed after five days in toluene solution at 25 ºC for all the studied phosphines but PEt 2 Ar Xyl 2 (L2). The L:L·O proportion was found to be of ca. Treatment of complexes 1 and 2 with CO (1.5 bar of CO, CH 2 Cl 2 , 25 ºC) allowed for the substitution of the bidentate COD by two molecules of CO giving rise to the cis-dicarbonyl derivatives 1a and 2a (Scheme 3b), which were completely characterized by microanalysis, IR and NMR spectroscopy. In accord with the cis configuration of the carbonyl ligands, the IR spectra of the two compounds show two bands for the C-O stretching vibrations. The molecular structures of complexes 2a in the solid state ( Figure 2 ) were confirmed by X-ray diffraction studies. The two compounds feature similar structural properties. Thus, in both species the metal centre lies in a slightly distorted square-planar environment, with bond angles at the iridium atom between cis ligands ranging from ca. 85 º for the PIrC angle to ca. 93 º for the PIrCl angle. As a consequence of the stronger trans influence of the P-donor ligand compared with the adjacent chloride, the IrCO bond distance trans to the phosphine is approximately 0.05 Å longer than the other one. Interestingly, in the two structures one of the flanking aryl rings of the terphenyl group is located almost parallel to the coordination plane, with the shortest Ir … C separation being of approximately 3.5 Å (Figure 3) . To gain further insights into the coordination chemistry of the reported terphenyl ligands, we focused our attention on another typical square-planar cation, such as Pt(II). In order to compare the results illustrated above with those of platinum, we chose the easily available, mononuclear complex, PtCl 2 (COD), as the starting material, and tested first its reaction with equimolar amounts of PMe 2 Ar Xyl 2 . Phosphine L1 reacted in toluene at 110 ºC with cis-[PtCl 2 (COD)] to generate unexpectedly the bis(phosphine) complex 3·L1 (Scheme 4), which resulted from the substitution of the neutral COD ligand by two molecules of L1 and concomitant isomerization to the trans isomer. Curiously, no evidence for the formation of the mono(phosphine) adduct was found. Consequently, the optimized reaction conditions for the preparation of 3·L1 required a Pt:PR 2 Ar' ratio of 1:2 (Scheme 4a).
Scheme 4. Synthesis of complexes 3.
Complex 3·L1 is an air-stable colourless solid, soluble in common organic solvents such as benzene, toluene, chloroform, and dichloromethane. The eight methyl groups of the xylyl fragments give rise to a singlet at 2.07 ppm in the 1 H NMR spectrum of 3·L1. In addition, the methyl groups directly bound to the P atom appear as an apparent triplet both in the 1 H and 13 C{ 1 H} NMR spectra, due to virtual coupling with the two phosphorus nuclei. This clearly demonstrates the trans arrangement of the ligands in this complex, a geometry which is additionally expected upon consideration of the steric properties of the PMe 2 Ar Xyl 2 ligands. The 31 P{ 1 H} NMR resonance of complex 3·L1 appears as a singlet at 17.3 ppm ( 1 J PPt = 2555 Hz) with a downfield variation of 23 ppm with respect to the free phosphine ligand.
An increase in the steric demand of the phosphine ligand with the use of the iso-propyl substituted terphenylphosphines PMe 2 Ar Dipp 2 (L5) and PMe 2 Ar Tipp 2 (L8), and employing platinum(II) dichloride as the metallic precursor led to formally tri-coordinate 14-electron Pt(II) complexes, 3·L5 and 3·L8, that exhibit a relatively weak secondary interaction between the metal centre and the ipso-carbon atom of a lateral ring of the terphenyl group (Scheme 4b).
Compound 3·L5 was recently utilised as the starting material for Pt(0) complexes [3k] but its Xray structure is described here for the first time. As evinced by the solid state molecular structure of this species, the phosphine acts as a bidentate ligand, in a  1 -P,  As anticipated, the X-ray molecular structure of 3·L5 (Figure 4 ) features an approximate square-planar coordination geometry, with two cis PtCl bonds and a PtP bond, and with the fourth coordination site occupied by the ipso-carbon atom of a Dipp ring. The Pt … C ipso separation of 2.234(5) Å suggests the existence of a weak bonding interaction between the two atoms involved. Taking into account that the closest ortho carbon atom of the Dipp ring participating in this interaction is situated at ca. 2.5 Å from the platinum centre, a nonsymmetric,  2 -arene coordination cannot definitely be ruled out. [18] The difference of approximately 0.05 Å between the two PtCl bond lengths is also in agreement with the weakness and poor trans influence of the Pt … C ipso bonding interaction compared to the Pt-P one. Complex 3·L8, that contains the even bulkier Ar Tipp 2 group, was prepared analogously to 3·L5 and its spectroscopic characteristics are also consistent with a mononuclear tri-coordinate T-shaped structure, complemented by a PtC arene interaction. The  1 -arene interaction observed in the solid state structure of 3·L5 is labile and can readily be substituted by coordination of carbon monoxide, to generate the corresponding adduct 3a·L5 (Scheme 5). The IR spectrum of the carbonyl complex 3a·L5 shows a diagnostic absorption at 2114 cm   with wavenumber similar to those found for other platinum(II) compounds. [12d, 19] Scheme 5. Generation of the carbonyl complex 3a·L5.
10
As a consequence of the usual  1 -P coordination of the phosphine, the spectroscopic equivalence of the two flanking aryl rings in solution, due to fast rotation around the P-C aryl bond, is restored. In fact, similarly to what was observed for the related iridium and rhodium derivatives, in the 1 H NMR spectrum of 3a·L5 only two doublets for all the iso-propyl methyl groups and one septet for the adjacent methyne units are detected.
Electronic and steric properties of the terphenylphosphines, L. The electronic and steric properties of ligands L were studied by computational and NMR methods, by quantifying their molecular electrostatic potential (MESP) and by measuring the volume of the phosphines in a given complex (buried volume), as shall be described below.
We attempted to probe the -donor ability [20] [21] [22] Despite these limitations, we generated some terphenylphosphine selenides, L·Se, in NMR tube experiments, by treatment of C 6 D 6 solutions of the phosphine with selenium powder, at room temperature or at 60 ºC (as appropriate), for several hours, until full conversion was achieved (Scheme 6). The corresponding 31 P-77 Se coupling constants were measured from the selenium satellites (7.6% natural abundance) of their 31 P resonance, and their values are given in the Experimental Section. Here we focus the discussion on the dimethylterphenyl phosphines PMe 2 Ar Xyl2 (L1) and PMe 2 Ar Dipp2 (L5) for which Rh and Ir dicarbonyl complexes cis-
] (1a·L and 2a·L, see Scheme 3) were described in a previous section. It is worth remarking that the ῡ(CO) values (vide supra) recorded for the iridium complexes, 2a·L1 and 2a·L5, are very similar to those reported by Nolan and coworkers for analogous complexes of some biarylphosphines, denoting similar electron-donating capacity.
[22d] For comparative purposes we have also studied selenide derivatives of the other PMe 2 Ar' phosphines discussed in this work, namely As it is known, the steric properties of ligands L are best accounted for by measuring the percentage of the volume of an arbitrary sphere (coordination sphere) that they occupy ( Figure 5 In order to compare our results with other reported in the literature for bulky phosphines[22e] (Scheme 7), the sphere radius was set to 3.5 Å and the distance between the phosphorus atom and the centre of the sphere was set to 2.28 Å. Additional calculations have been done using the actual (measured from X-ray data or DFT-optimized) Ir-P bond lengths in the metal complexes. Table 2 shows the results of these calculations. Analysis of the above data shows that phosphines L1-11 are very bulky, their %V Bur in complexes cis-[IrCl(CO) 2 (L)] varying between 45.4% and 41.5%. These values exceed those found in the literature for biaryl tertiary phosphines in analogous complexes, which are in the range 35. 4-31.6%.[22e] These percentages are however dependent on the orientation of the phosphine in the metal complex and therefore this matter merits further discussion. Additional calculations of the %V Bur of L5 in the platinum complex 3·L5 using crystallographic data gives a larger occupancy percentage of 56.6%. In the gold complex of this ligand, AuCl(PMe 2 Ar Dipp 2 ), the results using crystallographic[13e] and DFT data are comparable to the previous case with 49.5 and 50.5%V Bur , respectively. Examination of the molecular geometries of these complexes reveal that in all cases one of the flanking aryl rings of the terphenyl phosphine is placed sufficiently close to the metal centre as to be partially embedded in the 3.5 Å radius sphere defined for the calculation of the %V Bur ( Figure 5 ). As already discussed, in the iridium dicarbonyl complexes 2a·L1 and 2a·L5, the flanking aryl is placed above the iridium coordination plane, with the closest contact at ca. General synthesis. A solution of freshly prepared Mg(Ar')Br (ca. 40 mmol) in THF (ca. 60 mL) was added dropwise to a solution of an equimolar amount of PCl 3 in THF (ca. 40 mL) at 80 ºC. The reaction mixture was allowed to reach slowly the room temperature and stirred overnight. All volatiles were removed by evaporation under reduced pressure and the solid residue was extracted three times with pentane (3 × 50 mL). The combined organic fractions were dried under vacuum giving a mixture of the three dihalophosphines PCl 2 Ar', PBr 2 Ar', and PCl(Br)Ar'(three singlets in the 31 P{ 1 H} NMR at about 145-160 ppm), as a pale yellow solid, which was redissolved in THF (50 mL). A solution of Mg(R)Br in Et 2 O (ca. 82 mmol) was added dropwise at 80 ºC, the mixture was allowed to reach slowly the room temperature, and stirred overnight. The volatiles were removed under reduced pressure and the solid residue was extracted with pentane (3 × 50 mL). The combined of organic fractions was taken to dryness affording a pale yellow solid which was washed with MeOH at 0 ºC.
Synthesis of SePR 2
Ar'species. 0.025 mmol of the corresponding phosphines was placed in a standard NMR tube with an excess of elemental selenium. Non-distilled C 6 D 6 was then added (0.6 mL) and the tube was sealed. When needed, the reaction mixtures were heated up to 60 ºC for several hours until reaching full conversion. 31 P-77 Se scalar couplings were directly measured from the 31 P{ 1 H} NMR spectra of these solutions at 25 ºC in 400 Ascend/R spectrometer.
